A high power microwave antenna based on the reflectarray concept is designed and investigated in this paper. The reflectarray aperture is directly driven by an azimuthally symmetric mode, and a directional boresight beam is realized through introducing a phase shift of 90
Introduction
The demand for high power microwave (HPM) radiating systems is growing in recent years due to their broad applications in civilian and military systems [1] . The special requirements of high power instruments place extra challenges on antenna design. In high power scenarios, the antenna is exposed to the radiation of high power sources. As a consequence, the power handling capability of the antenna becomes an important issue that must be addressed [2] . This comes along with the output mode of many of the HPM sources has azimuthal symmetry (e.g. the TM 01 circular waveguide mode or the TEM coaxial mode) [3] , which generates a doughnut-shaped pattern with a boresight null, if radiated directly. Several approaches for HPM antenna designs have been proposed in the literature. Mode conversion techniques [4, 5] are widely used to transform the undesirable azimuthally symmetric mode to one with a boresight peak (e.g. the rectangular TE 10 mode or the circular TE 11 mode). However, these techniques have drawbacks such as increased system losses, length, and weight. Valsov antenna [6] , COBRA antenna [7] , high power radial line helical array antennas [8, 9] , and high power microwave radial line slot antenna [10] are among the antenna structures designed for certain HPM applications.
On the other hand, the reflectarray antennas are planar structures in which an array of reflective unit cells with appropriate phase responses is utilized to provide a focused or contoured beam from an illuminating wave front [11] . Reflectarray antennas have attracted great attention in recent years owing to their desirable features such as low profile, low cost, light weight, simplicity of construction, and handling [12] . This type of antennas are typically formed from locally periodic structures in which unit cells of different shapes and structures are used as spatial phase shifters [11] or spatial time-delay units [13] . The reflectarray unit cells are generally resonating or non-resonating blocks and their phase or time delay response can be controlled by modifying the geometrical parameters of element [14] , changing the substrate characteristics [15] , rotating the elements orientation [16] , or loading the unit cell with tuning elements [17] .
Many reported reflectarrays either only have limited power handling capability or are not suitable for integration with HPM systems. Most of these structures exploit metallic patterns in multi-layer configurations. Metallic grids, however, are problematic at high power, arcing occurs at field concentration points, and heating occurs due to ohmic losses experienced by strong currents in conductors [18] . Besides, in the case of direct radiation of the azimuthally symmetric output modes of HPM sources, a doughnut-shaped pattern with a boresight null will be reradiated by the reflectarray aperture, which is undesirable for high power applications. This paper describes a dielectric reflectarray that is capable of realizing the directional radiation of azimuthally symmetric modes and has a notable power handling capability. because of the problematic effects of metallic patterns at high levels of electromagnetic energy, a dielectric approach is adopted here to design the reflectarray unit cells. A variable diameter air-filled hole through a host dielectric material [19, 20] is utilized as a phase-shifting unit cell to design a dielectric reflectarray antenna to operate at X-band. The directional radiation of azimuthally symmetric mode is achieved through compensating the phase differences of illuminating wave front over the reflectarray aperture. Theoretical analysis is used in conjunction with full-wave simulations to examine the radiation performance of the proposed reflectarray antenna. The results demonstrate the ability of the proposed antenna to be used for HPM applications. Fig. 1 shows the topology of the proposed HPM dielectric reflectarray antenna. The reflectarray aperture is assumed to be located on the x-y plane and illuminated by a conical horn antenna. In our reference scenario, the feed horn antenna is directly driven by the azimuthally symmetric TM 01 circular mode and a doughnut-shaped pattern with a boresight null is radiated toward the reflectarray aperture. Since the incoming wave front has azimuthal symmetry, there is a 90
Antenna principle of operation
• phase difference between rays arriving at points of same radial distance and quadrupled azimuthal angle at the location of reflectarray aperture. To provide a boresight peak after reflection, this phase difference must be compensated by the reflectarray aperture. To achieve this, reflectarray aperture is divided into 4 equal-angle quadrants, as shown in Fig. 1 . By introducing a phase shift of 90
• to unit cells of each quarter relative to the adjacent quadrant, directional radiation of the azimuthally symmetric wave front can be obtained by the reflectarray aperture. According to the above discussion, the phase delay from the feed horn phase center to a unit cell located at point C(r, ϕ) on the reflectarray aperture is given by:
where k 0 is the propagation constant of free space, (r, ϕ) are the polar coordinates of unit cell, n is the number of quadrant in which the unit cell is located, and F is the reflectarray focal distance. To achieve a collimated beam at the boresight direction, the phase of reflection coefficient for different unit cells over the reflectarray aperture must be selected in a way that total phase delay from feed phase center to a fixed aperture plane in front of the reflectarray becomes a constant for all unit cells. Accordingly, the required reflection phase distribution of reflectarray unit cells is determined as:
An X-band dielectric reflectarray antenna operating at 10 GHz is designed, analysed, and simulated to demon- strate the feasibility of the proposed approach. The dielectric unit cell is described in section 3. In section 4, the reflectarray design procedure is presented, and the theoretical analysis and simulated results are discussed in section 5.
Reflectarray unit cell
As mentioned previously, dielectric approach is chosen here to eliminate the problematic effects of metallic patterns in high power applications. In dielectric-type unit cell, the conductive patch is removed and the control of unit cell reflection phase is achieved by changing the parameters of the dielectric. A schematic model of the dielectric unit cell in our design is shown in Fig. 2 . The unit cell is a square dielectric slab with permittivity of ε r that in our design covers the whole unit cell surface. The thickness of the slab is T h, and the unit cell periodicity is P .
To design the proposed HPM reflectarray, different values of the reflection phase are required for various unit cells over the reflectarray aperture. The reflection phase of unit cell can be controlled by drilling an air-filled hole that has a diameter L through the dielectric slab. The diameter of the hole is then changed to provide the required reflection phase on the element position. Also, due to the reflective nature of the unit cell, a conductive ground plane has been added to the bottom side of the dielectric slab. There are three degrees of freedom to design the described unit cell. These include the permittivity and thickness of dielectric slab, and the periodicity of unit cell. In order to study the influence of these parameters on the unit cell reflection coefficient, a series of simulations are carried out utilizing the frequency domain solver of CST Microwave Studio. The unit cell is placed inside a rectangular waveguide with TEM-mode propagation boundary conditions. The top and bottom walls of the waveguide are selected as perfect electric conductors, and its side walls are selected as perfect magnetic conductors. These settings simulate a vertically polarized plane wave that incidents normally on an infinite periodic array of identical unit cells. After detailed fullwave simulations, it is found that a phase range of about 360
• could be achieved with a unit cell having permittivity ε r =10.2, thickness T h=7.62 mm, and periodicity P = 9 mm. Fig. 3 depicts the full-wave simulated reflection phase and amplitude of the unit cell versus air-filled hole diameter at 10 GHz. It can be seen that the reflection loss is less than 0.3 dB at the design frequency, and a phase range of about 360
• is achieved when the hole diameter varies from 0.1 to 8.6 mm, which satisfies the required phase range of our dielectric reflectarray design. The phase response of unit cell at different incidence angles is also examined, and the results are shown in Fig. 4 . As it can be observed, the phase response is stable for oblique incidence up to 30
• . This proves the validity of the phase curves of Fig. 3 to be used for design the reflectarray antenna, as described in the next section.
Design procedure
The proposed approach described in section 2 was followed to design an HPM antenna to operate at a typical frequency of 10 GHz. The reflectarray has a square aperture with side length of 252 mm (≈8.2λ 0 ) and thickness of 7.62 mm (≈0.25λ 0 ), composed of a total of 28×28 air-filled hole substrate through unit cells. Rogers 6010 dielectric substrate with relative permittivity ε r = 10.2 and loss tangent tanδ = 0.002 was used for substrate layer. Circular waveguide (diameter = 27.8 mm) driven from one end by TM 01 mode was selected as the feed of the reflectarray. The diameter of the waveguide input aperture was selected based on the cut-off frequency of the TM 01 mode. The impedance matching between the free space and waveguide output aperture for this mode was achieved through gradually expanding the guide diameter as shown in Fig. 5(a) . The simulated three-dimensional far-field radiation pattern of the designed feed horn at the design frequency of 10 GHz is shown in Fig. 5(b) . The simulated return loss of the feed horn over the frequency range of 9.5−10.5 GHz as well as the two-dimensional plots of vertically-and horizontally polarized radiation patterns at the design frequency of 10 GHz are shown in Fig. 5(c) and (d) , respectively. The boresight nulls are clearly observed from this figure as we expected. The reflectarray focal length was chosen to be 151.2 mm, giving a focal length to diameter ratio F/D of 0.6. The value of F/D was determined based on the radi- ation pattern of the feed horn antenna and the reflectarray aperture efficiency considerations. The aperture efficiency of the reflectarray can be calculated as the product of the spill-over and illumination efficiencies, which are defined from the following expressions [21] :
In the above equations, A is the aperture area of the reflectarray, is the entire spherical surface centered at the feed, σ is a portion of the sphere, where the array aperture shares the same solid angle with respect to the feed, P is the Poynting vector of the feed defined by its power pattern as P = U (θ,ϕ) r 2âr , and I(x, y) is the amplitude distribution over the reflectarray aperture, which can be approximated by the feed power pattern and element pattern parameters as:
In the case of our scenario, the feed radiates a null at the boresight direction, and its power pattern in the main lobe and nearest side lobes region can be approximated by U (θ, ϕ) = sin 3θ, 0 ≤ θ ≤ π/3. To design the reflectarray, the aperture of reflectarray was divided into 14 concentric circular zones, and each zone was divided into 4 equal-angle sectors of same populating unit cells as shown in Fig. 1 . The required phase shift for unit cells of each sector was then calculated as:
where r m is the mean radius of zone m, and n is the sector number of that zone. The required phase distribution over the reflectarray aperture as well as the arrangement of unit cells populating different sectors, are shown in Fig. 6(a) and (b) , respectively.
Performance analysis and results
Various techniques have been developed to calculate the radiation pattern of reflectarray antennas [22, 23, 24, 25, 26] . The phase only synthesis approach proposed in [23] was adopted here to formulate the problem due to its simplicity. The far-zone electric field radiated by the reflectarray aperture as a function of the direction cosines, u = sinθcosϕ, and v = sinθsinϕ is expressed as follows: Figure 6 : (a) Required phase shift distribution over the designed reflectarray aperture. (b) Corresponding dielectric unit cells configuration.
where (r, θ, ϕ) are the standard coordinates of spherical system. The termsẼ x andẼ y are the spectral components of tangential radiated field over the reflectarray aperture, and are approximated by:
where The full-wave simulation software CST Microwave Studio was used to examine the radiation performance of designed HPM reflectarray antenna. A comparison between the computed and simulated results of far-field radiation patterns for horizontally-and vertically polarized components, along the ϕ = 0 cut at the design frequency of 10 GHz are presented in Fig. 7(a) . The corresponding results along the ϕ = 90 cut are given in Fig. 7(b) . It can be seen that there is a good agreement between the theoretical and simulation results near the main lobe. As can be observed from these figures, the antenna radiates collimated beams of both horizontal and vertical polarizations at the direction of boresight in both principal planes. The amplitude and phase difference between these components over the frequency range of 8.75−10.75 GHz were also simulated, and the results for ϕ = 0 cut are shown in Fig. 8 . As it can be seen, the amplitude and phase difference at 10 GHz are about 0.2 dB and 81
• , respectively, which means that the boresight null of azimuthally symmetric mode is transformed by the reflectarray aperture to a peak pattern with Left Handed Circular Polarization (LHCP) on the boresight direction. The simulated two-dimensional radiation patterns of the LHCP • and -12 dB, respectively. The observed large amount of SLL is most likely due to the major discontinuity that exists at the reflectarray aperture in both horizontal and vertical directions. The cross polarization level at the boresight direction is about 20 dB below that of the co-polarized radiation pattern. The simulated realized gain and axial ratio over the frequency range of 9.5−10.5 GHz are shown in Fig. 10 . The value of antenna axial ratio at 10 GHz is 1.3. The power handling capacity of the proposed HPM reflectarray antenna can be investigated by using the simulated results of the electric field intensity inside its structure [8] . The distribution of electric field intensity inside the reflectarray plane for an input power of 1 watt is shown in Fig. 11 . The maximum value of the electric field intensity is approximately 1811 V/m. Therefore, assuming the atmosphere breakdown threshold to be 3 MV/m, the power handling capacity is equal to ( 
Conclusions
In this paper, the reflectarray concept was exploited to develop a high power antenna which accepts the azimuthally Figure 11 : Electric field distribution of the proposed HPM reflectarray antenna.
symmetric output modes of high power microwave sources directly and radiates a collimated beam of circular polarization at the boresight direction. A 10 GHz sample was designed and analyzed to demonstrate the feasibility of the proposed approach. The design exploited perforated dielectric substrate as the phase shifting unit cell to eliminate the problematic effects of metallic patterns at high levels of electromagnetic energy. The theoretical and simulation results are in good agreement, which shows the potential of proposed approach to be used in compact, high gain and high power antennas design for microwave regime.
